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(54) Semiconductor device and electric power conversion apparatus therewith 



(57) In the IGBT having at least a p+n-pn+ structure 
from the collector to the emitter, the n layer with higher 
density than the n- layer is formed between the n- layer 



and the p layer. 

The n layer is a barrier for holes, and as the holes 
are stored in the n- layer, ON voltage is reduced. 
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Description 

The present invention relates to a semiconductor 
device which has such overall features that the device 
and apparatus can be easily manufactured, the feed- 
back capacitance causing noises is smail, high with- - 
stand voltage can be easily established, the turn-on volt- 
age is small and the switching operation is fast, and to 
an electric power conversion apparatus using this sem- 
iconductor device. 

In the semiconductor devices for controlling high 
voltage, it is strongly required to establish lower losses 
in various operations. For the in-operation status, it is 
required that the voltage drop in the semiconductor de- 
vice, that is, ON voltage is small, and switching opera- 
tion can be performed in high speed/and switching loss 
is small. In addition, in responsive to recent various 
noise regulations, low-noise type semiconductor devic- 
es in which overshooting peak voltage can be reduced 
) in fast switching operations are required. As well as low 
overshooting peak voltage, reliability for blocking high 
voltage is expected. And more, in order to meet the chal- 
lenge for cost-oriented marketing, it is strongly required 
that the semiconductor devices can be easily fabricated - 
for manufactures, easily used for users, and easily con- 
trolled. Under those technical and business environ- 
ment, newly designed semiconductor devices are pro- 
posed by integrating MOS gates, transistors' and thyris- * 
tors. In the followings, four examples in conventional 
semiconductor devices are described. 

FIG. 7 is a cross section of the Insulation Gate Type 
Bipolar Transistor (IGBT) having a groove-shaped 
trench gate. The device 201 has a normal structure of 
Trench-Gate Type IGBT and also includes an n layer 
230 storing the carrier between the gates. This device 
is called "Carrier Stored Trench-Gate Bipolar Transistor 
(CSTBT) , and is presented at the International Sympo- 
sium of Power Semiconductor Devices and ICs (ISPSD, 
) 1996, pp. 349-352). 

In the device 201 shown in FIG. 7, the n butter layer 
21 is formed on the p+ substrate 10, and the n- layer 22 
is developed on the n butter layer 21 . On the top of the 
device, a groove is formed in the silicon layer, in which 
the gate oxidization layer 500 and the gate electrode 
300 are formed and the gate electrode 300 is covered 
by the insulation layer 60. The p layer 310 is formed be- 
tween the adjacent gate substrates 300, the n layer 230 
is formed below the p layer 310, and the n+ layer 400 is 
formed in the p layer 310, and the p layer 310 and the 
n+ layer 400 contact to the emitter electrode 2 with low 
resistance. The p+ layer 10 contacts to the collector 
electrodes 1 with low resistance. 

The difference of the device 202 from the IGBT hav- 
ing a normal trench gate is the addition of the n layer 
230. With this structure, the plus charge (hole) is inject- 
ed from the p+ layer 10 can be stored in then layer 230, 
and the minus charge (electron) of the n+ layer 400 is 
injected from the n layer 230 through the inversion layer 
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formed on the surface of the p layer 310 facing to the 
gate electrode 300 to the carrier-less n- layer 22, and 
thus, the conduction modulation in then-layer 22 can be 
promoted. The conduction modulation in the n- layer 22 
s at the neighboring area of the p layer 310 which has ever 
been difficult in the conventional IGBT can be increased, 
and therefore, the ON voltage can be decreased. In ad- 
dition, by forming the n layer 230 with the depth equiv- 
alent to the depth of the trench gate electrode 300, the 
10 ON voltage can be reduced as well as the withstand volt- 
age can be maintained to be high enough. - 

FIG. 8 shows a Power MOS FET 202 having an n+ 
substrate 24 different from IGBT. The device 202 is dis- 
closed in Japanese Patent Application Laid-Open No. 
75 61-150378 (1986), in which a planar-type MOS gate is 
formed on the, surface of the n- layer 22 on the n+ sub- 
strate 24. The MOS gate is composed of the gate insu- 
lation film 501 and the gate substrate 301 , and the gate 
. substrate 301 is covered by the insulation film 60. Not 
20 , like a trench gate, the gate electrode 301 is formed on 
' an almost flat surface! The p layer 311 and the n+ layer 
401 are diffused from the. midpoint of the gate electrode 
301 toward the inside of the n- layer 22, and thus, an n- 
channel MOS FET structure is formed on the surfaces 
25 of the n+ layer 401 , the p layer 311 and the n-layer 22 
below the gate electrode 301 . The drain electrode 1 con- 
tacts to the n+ substrate with low resistance, and the 
» source electrode 2 contacts to the n+ layer 401 and the 
p layer 311 with low resistance. The specific feature of 
30 the device 202 shown in FIG. 8 is that the p layer 311 is 
surrounded by the n layer 231. With this 'structure, the 
■specific feature of the device 202 is that the growth of 
" the depletion layer generated in the n- layer due to the 
. reverse bias between the p layer 311 and the n- layer 
35 22 in on -ope ration of the device can be reduced, and 
that the electric current runs smoothly without resist- 
ance obstacle and thus the ON resistance can be re- 
duced by regulating the pinch effect between the p lay- 
ers 311 . In Japanese Patent Application Laid-Open No. 
40 61 -150378 (1 986), the conditions of the n layer 231 for 
reducing the growth of the depletion layer in on-opera- 
tion of the device is described. 

FIG. 9 shows the thyristor 203 for MOS control dis- 
closed in Japanese Patent Application No. 5-82775 
45 (1993) in which the p+ substrate 10 is used and the p 
layer is so formed as to surround the n layer 231, not 
like the device shown in FIG. 8. The device shown in 
FIG. 9 has such a specific feature that, by forming the 
p layer 330, the thyristor composed of the n layer 231 , 
so the p layer 330, the region between the n- layers, the n 
buffer layer 21 and the p substrate 10 can be electrically 
operated, and thus the ON voltage can be reduced 
greatly. 

The device shown in FIG. 10 has such a specific 
55 feature that the p+ substrate 10 is used and the n layer 
232 having the uniform depth larger than the depth of 
the p layer 311 , not like the device shown in FIG. 8. Ow- 
ing to this structure, by means that the region defined 
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between the p layers' 311 is formed as the high density 
n layer 232, the junction FET effect due to the player 
311 can be reduced, and hence the ON voltage can be 
reduced. As described above, various semiconductor, 
devices have been proposed. As for a semiconductor 
device which can be easily manufactured and in which 
the feedback capacitance causing noises is small, high 
withstand voltage can be easily established, the turn-on 
voltage is small and the switching operation is fast, 
those conventional semiconductor devices' have more 
than one problems, and hence, it can not be concluded 
yet that those devices are good in overail performances; 
Therefore, in case of applying those devices to electric 
power conversion apparatus, it is afraid that various ? 
problems generic to power conversion operation s may 
arise. 

For example, in the semiconductor device shown in 
FIG. 7, due to the formation of the n layer 230, the elec- 
tric field is so much concentrated at the comer of the 
bottom of the trench gate, and the reliability of the gate 
insulattori film may be reduced. Though the ON voltage' 
can be made lower by making larger the depth of the n 
layer 230, the area of the contact interface between the 
gate electrode 300 and the n layer 230 and the area of 
the contact interface between the gate electrode 300. 
and the n- layer 22 increase' due to the increase of the 
depth of the n layer 230, and the feedback capacitance 
of the gate may increase, in case' that the feedback ca- 
pacitance increases, the voltage pulsation when switch : ' 
■ ing causes the large amount of electric current run 
through the gate electrode into the gate circuit, which 
leads to the noise generation and the error in the circuit 
operation followed by the abnormal operation of the 
electric power conversion apparatus, and in the ultimate 
worst case, the devices and apparatus may be dam- 
aged. In addition, it is required to regulate the depth of 
the trench gate and the depth of the h layer 230 in the 
fabrication process. Especially for the trench gate. fabri- 
cated by.the dry etching process, it is difficult to form the ' 
unifonri depth of the trench gate.in a single silicon wafer; 
if the depth of )he_n layer 230 is larger than the depth of 
the trenbK gate, the withstand voltage may be reduced, ? 
and if the depth of the n layer 230 is made to be' smaller 
f pr preventing the'red'uction of the withstand ypltage, 1 the 
effect for storing the' carrier can not.be established, 
which ieads to the increase in the ON voltage. 

On the other hand, as the n+ substrate 24 is' used 
in the semiconductor apparatus show in FIG. 8, which 
islormed as a plural-carrier device, and the injection of 
the hole described in Fid. 7 does not. occur, the devia- 
tion in the conductivity is not expected but the high ON 
voltage can be obtained. 

The semiconductor device shown in FIG. 9 has a 
6-layered pnpnpn structure, and has difficulty in fabri- 
cating the device for controlling the depth of the individ- 
ual diffusion layers 330, 231, 331 and 401 , and in addi- 
tion, as the number of the diffusion layers is large, the 
threshold voltage of the MOS gate defined by the den- 
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sity of the individual layers is unstable. As the hole 
stored in the p layer 330 is discharged through the p 
channel with high resistance on the surface of the n layer 
231 to the cathode electrode 2 when turning off the de- 
5 vice, there is such a problem that the switching speed 
is slow. 

As the n layer 232 is also located below the MOS 
gate in the semiconductor device shown in FIG. 10, the 
depletion layer below the MOS gate is difficult to be ex- 

10 tended, and the withstand voltage tends to decrease. In 
addition, the feedback capacitance is large because the 
depletion layer is difficult to be extended, the erroneous 
. operation of the device may be caused due to the noises 
generated at the gate as described with FIG. 7. ; 

*5 An object of the present invention 'is to provide a 
semiconductor device which has such overall and well- 
coordinated good features that the device and appara- 
tus can be easily manufactured, the feedback capaci-' 
tance causing noises is small, high withstand voltage 

20 can be easily established^ the turn-on voltage is small 
and the switching operation is fast, and provide an elec- 
tric power conversion apparatus using this semiconduc- 
tor device. 

In order to address at least some of the above men- 
25 tioned object the semiconductor device of the present 
invention comprises: 

a semiconductor substrate having a pair of main 
surfaces; 

so the first semiconductor region of the first conduc- 
tion-type located in the above substrate; 
the second semiconductor region of the second 
conductive-type located on the first semiconductor 
region; 

3S the plural third semiconductor regions of the second 
conductor-type having the carrier density higher 
than the carrier density of the second semiconduc- 
tor region; 

the forth semiconductor region of the first conduc- 
40 tor-type located in.the third semiconductor region; 
the fifth semiconductor region of the second con- 
ductor-type 'located in the forth semiconductor re- 

VgionV' ; . ' \ y . : ; s . ' 

. * the gate. insulation films formed pn the'surfaces of 
45 the second, third, forth and fifth semiconductor re- 

9 ions '' t - 

Jhe gate electrodes formed oh the gate insulation 
films; 

the emitter electrodes contacting with low resist- 
so ance to the forth semiconductor region.and the fifth 
semiconductor region; and 
. the collector electrodes contacting with low resist- 
ance to the first semiconductor region, in which the 
sheet carrier.density of the third semiconductor re- 
55 gioh is 1 x 10 12 cm* 2 or less. 

According to the present invention, as the third sem- 
iconductor region works as a barrier having less carriers 
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in the second semiconductor regions, the amount of 
stored carriers in the second semiconductor region in- 
creases, and ON voltage can be reduced. 

In the drawings 

FIG. 1 is a cross section of one embodiment of the 
present invention. 

FIG. 2 is an example of the carrier density distribu- 
tion along the line A-A' in FIG. 1. 

FIG. 3 is a graph showing the sheet carrier density, 
and the characteristic. * 

, FIG. 4 is a graph showing the thickness of the n lay- 
er and the characteristic. 

FIG. 5 is an exampleof the electric conversion ap- * " 
paratus applied with the semiconductor device, of the * 
present .invention. 

FIG. 6 is an' embodiment of the lateral semiconduc- 
tor device of the present invention. 
) FIG..7 is a cross section of the prior art/ ' . t % 

FIG*. 8 is a cross section of another prior art. ... „ . 

FIG. 9 'is a cross section of another prior art. 

FIG. 10 is a cross section of another prior art. 

FIG. 11 is another embodiment of the presentin- 
ventioa . . 

FIG. 12 is an IGBT in the prior art. 

FIG. 13 is another embodiment of the present in- . 
ventioa 

FIG. 14 is another embodiment of the present in- 
• vention.' 

FIG. 15 is another embodiment of the present in- 
vention. 

FIG. 16 is another embodiment of the present in- 
vention. 

FIG, 17 is an example of the striped cell in the IGBT 
applying the present invention. 

\ FIG. i 8 is an exarnple of the IGBT chip cell applying 
the present invention. m 
) FIG. 1 9 is a termination of the IGBT of the present 

invention. 

Now, the embodiment of the present invention is de- 
scribed in detail by referring to FIG. 1 . The semiconduc- 
tor device 100" of this 'embodirhept 'has .a pair of main 
surfaces, the individual surface almost parallel to each 
other, in which the n butter layer 21 is formed on the p+ 
layer 10 'exposed 'to one of the main surfaces, and the 
n- layer 22 is formed oh the h buffer layer 2V exposed 
to the other of the main surfaces. The n layer 23 having 
the carrier density higher than that of the n- layer 22 is 
diffused from the other main surface into the n : layer 22. 
The p layer 31 is so diffused as to be surrounded by the 
n layer 23. The n+ layer 40 is introduced in the p layer 
31 . On the surfaces of the p layer 31 and the n layer 23, 
the gate insulation film 51 is formed on one of the main 
surfaces so as to bridge the n+ iayer 40 and the n- layer 
22, and the gate electrode 3 is formed on the gate insu- 
lation film 51. On the other main surface, the' emitter 
electrode 2 is formed inn the n+ layer 40 and the p layer 



31 and contact with low resistance to the p+ layer 32 
extending to the underneath of the n+ layer 40. 

FIG. 2 shows the carrier density distribution in the 
cross section at A-A' by referring to the embodiment* 
s shown in FIG. 1, in case that the withstanding voltage 
is 1 200V. The n buffer layer 21 having the carrier density " 
about 1 x 10 17 cm -3 with its thickness about 10 |im, is . 
formed on the p+ layer having the carrier density V x 
10 18 cm" 3 or higher, and then- layer 22 having the carrier 
10 density 5.0 x 10 13 cnrr 3 or less with its thickness about 
120 urn, is formed on the n butter layer 21, both deve'h 
oped by epitaxial growth method. The carrier density of 
the n'layer 23 diffused from the other rnain surface is in 
the order between about 10 15 cm* 3 and 10 16 cm; 3 , and - 
is its thickness is a few microns. The carrier density of the 
. . p layer 31 is in the order of 1017 cm -3 , and its thickness 
is about 5 u/n. On the surface of the p layer 31 , the p+ , 
layer 32 having the carrier density 10 1S cm*? , or over' 
for making the p layer 31 low resistance. \ ; 
20 |n order to making the semiconductor device 1Q0 
, turned ON, the positive electric potentials applied from 
the' emitter electrode to the gate' electrode 3 while *tfie\ 
negative electric potential applied to the. emitter elec- 
trode 2 and the positive electric potential /applied to the' 
25 collector electrode 1. The n-type jnversion' r layer is . 
. formed 'on the surface of the p layer '31 below the gate 
electrode 3, and the electrons are injected ipto the p+ 
layer .10 through the n+ layer 40, the inversion layer, 
then layer 23, then-layer'22 and then butter layer. In re-. 
30 sponsive to the injected electrons, the holes are injected^ 
from the n+ layer to the n butter laye(2l arid the n- layer . 
22! Then, the electric conductivity' of the n- layer 22 . 
changes and its resistance decreases, and thus/ the' 
semiconductor device gets,, to lower ON' voltage, the 
35 semiconductor device 1 0tfalso" has the same feature as . 
the prior art shown in FIG. l\ in which there is such an 
effect that the holes' injected from the n layer 23 are pre- 
verited.from being diffused in the p layer 31 ['but remain 
in the* ri- layer 22,'and the ON voltage decreases more 
40 than the normal IGBT without the ri layer 23. . ^ , 

V The f eatu re of trie semiconductor devic e 1 00' d iff e r- 
eritfrorrVthat'showh in FIG. 7. is proved that, as .the there 
is no" junction FET effect by the trench gate, jt is not re-, 
quired to form the/nlayer 23 deeply but ft is effective to 
45 mal<e th e n laye"r"23 th in n e r and its carrie r density fiighe r. 
FIG/3 shows the result of this" stucly, which shows the 
relation between the sheet carrier density N 23 and the 
ON voltage as well as the breakdown voltage in the'n 
layer 23 shown in FIG. 2. It is found from FIG. 3 that, the 
50 .higher the sheet carrier density, the more the ON voltage 
can be decreased. It is also found that the breakdown 
voltage decreases too much when the sheet carrier den- 
sity is 1 x 10 12 cm* 2 or higher. From those results, it is 
preferable that the sheet carrier density of the n layer 
55 23 is defined so as to be 1 x 10 12 cm* 2 or less. FIG. 4 
shows the relation between the sheet carrier density and 
the ON voltage as well as the breakdown voltage in the 
n layer 23, when the sheet carrier density is 1 x 10 12 
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cm -2 . The thickness of the n layer 23 is regulated as the 
thickness t defined with the carrier density 2X10 14 
cm -3 . As found from FIG. 4, it is preferable that the thin- 
ner the n layer 23, the more the ON voltage can be re- 
duced .effectively without the breakdown voltage, and, 
consequently,, the thickness of then layer 23 is prefera- 
bly defined to be 4 jam or less. This is because, the thin- , 
ner the , layer hayjng an identical , sheet carrier density,, 
the higher the, carrier density, of the layer per unit vol- 
ume, and the storing effect by the holes. In more detail . 
study, the fact that.the peak .of the^ carrier density per 
unit volume of the n layer 23 is 2.5 X 1 0 15 cnrr 3 or higher 
is effective for the reduction of the ON voitage. This 
means that the storing effect of the.holes is small if the 
carrier density .is 2.5 x 10^ 5 cm' 3 or less. .'"\ 
As described above, in this embodiment, as the n 
layer 23 can be formed so that its thickness may be 
small enough, the cross/sectiori of the n layer 23 facing, 
to the gate electrode 3, can be made small. Therefore, 
the increase of the feedback capacitance due to the high 
density of the n- layer 22 can be made as small as pos- 
sible. In the.semiconductor device 1000 of the present 
invention, the extension of the depletion layer is restrict- , 
ed by forming the n layer 230 as in the trench gate shown 
in FIG. 7, and there is no. fear that the reliability of, the 
gate insulation film 500 is lost due to the high. electric 
field more applied to the corner of the gate insulation 
film 500, Jn-addition, there is no difficulty in controlling 
the depth of the trench gate and the n layer 230, and in 
this embodiment, by ion implantation, the density of the . 
n layer 23 and the p layer 31xan.be controlled precisely, 
and its .depth can be controlled by adjusting the diffusion 
temperature and time, and therefore, there is no difficul- 
ty in fabrication processes like trench gate. ' 

Though the conduction modulation does not occur 
in the semiconductor apparatus 202 shown in FIG. 8 be- 
cause the n+ layer 24, is used, the conduction modula- 
tion can be prompted more in the. n layer 23-Jn.the, 
present invention and hence., the ON voltage can be ef- 
fectively reduced. In addition,. though any optjmum.con-. 
ditjonjorfthe n layer 231 for. establishing the with stand (; 
voitage is. not shown in the semiconductor device 202, 
the inventors of the present invention find as new knowl- 
edge that there -is an optimum condition of the n layer v 
23 for establishing the lowON voltage and.the high.with-. 
stand voltage jn lGBT; havingthe conduction modulation , 
as described above. - . 

A prior art similar to this embodiment is shown with 
the semiconductor device shown in FIG. 9, which has 
such problems that the semiconductor device has a 
6-layered pnpnpn structure, and has difficulty in fabri- 
cating the device, the. resistance of the p channel layer 
is large and the turn-off time is long because the holes 
enters the cathode electrode through the p channel lay- 
er formed with the p-type inversion surface of the n layer 
231 . On the other hand, the semiconductor device 1,00 
of the present invention has such an advantageous as- 
pect that the turn-off operation can be performed 



promptly because the n layer 23 is depleted when the 
turn-off operation in which the reversed bias is applied 
between the p Jayer 31 and the n layer 23, and the holes 
stored in the n- layer can be directly transported into the 
s player 31. 

In the semiconductor device 232 shown in FIG. 10, 
as the n layer 232 is formed on the whole part below the 
gate electrode 301 and the p layer 311 /and as the sheet 
carrier. density changes in the n layer 232 along the junc- 
io tion interface of the p layer.31 1 , there is such a problem 
that the sheet carrier density of the part of the n layer 
232 located at the side wall of the p layer 31 1 becomes 
too high and the withstand voltage decreases if the 
sheet carrier density of the part of the n layer 232 located 
is below the p layer 31 1 in order to "attempt to increase the , 
storing effect of the holes. I n contrast, if the sheet carrier 
density of the part of the n layer 232 located at the side 
wall of the p layer 311 is attempted to be optimized in 
order to establish the sufficient withstand voltage, the , 
20 sheet carrier density of the part of the n layer 232 located 
below the bottom face of the p layer 31 1 decreases and 
the storing effect of the holes is lost. Jn addition, in the 
semiconductor device 232, as the MOS gate faces' to 
the n layer 232 having the high density, the feedback 
25 capacitance is so large as to cause the noise. On the 
other hand, in the semiconductor device of this embocJ- ' 
iment, as the sheet carrier density of the n layer 23 is 
uniformly distributed along the junction interface to the 
p layer 31 , the storing effect of holes can be well estab- 
30 Hshed while obtaining enough withstand voltage. As the 
area of the n layer 23 facing to the bottom of the gate 
electrode 3 is small, the feedback capacitance decreas- 
es less. In this embodiment, by making the thickness of 
the central part of the gate insulation film 50 larger for 
35 forming the gate insulation film 52, the feedback capac- 
itance can be decreased. And furthermore, the inven- 
tors found that the storing effect of electrons in the n- 
layer 22 below the gate can be restricted especially in 
the semiconductor device having the storing effect, of 
40 hqies in this embodiment, and that.the storing effect of 
holes below the gate can be. prompted leading to the 
lower ON. voltage.' m v ' ' . ^ ', ' 

, The inventors found that it is preferable that the.sum 
of. the sheet carrier density of .the n layer 23 and the 
45 sheet carrier density of the n- layer 22 is made to be 1 .5 
x 10 1 ?cm*2 pr less in order to establish certainly enough 
withstand voitage in the semiconductor, device of this 
embodiment This makes possible to make the n layer 
23 depleted when the backward bias is applied and to 
50 make the depleted layer widely and deeply enough in 
the n-layer and reduce the localized concentration of the 
electric field. According to the studies by the inventors 
of this invention, this characteristic can be applied to the 
semiconductor devices of the present invention operat- 
55 ed with various rated voltages, and with respect to the 
withstand voltage Vb(V), it is preferable that the carrier 
density of the n- layer is 7.5 x 10 16 A/b or lessi and its 
thickness is Vb/12 |im or larger. 
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As the n layer 23 is added in this embodiment, it is 
more difficult of the depletion layer to extend than the 
general IGBT. Therefore, the carriers stay in the n- layer 
22 near the n buffer layer 21 and the tail current occurs 
and the turn-off loss tends to increase. In order to pre- 
vent above disadvantages, it is effective that a time-life 
control with proton and helium is applied locally to the 
n- layer 22 and the n butter layer 21 near the n butter 
layer 21. With this control, the tail current does not in- 
crease and the high speed switching is enabled. In ad- 
dition, in the time-life control with proton and helium, the 
carrier densities of the n-iayer 22 and the n butter layer 
21 are compensated, and as the region under the life- 
time control has substantially lower carrier density, the 
semiconductor device of this embodiment has such ah 
advantageous aspect that the depletion layer easily ex- 
tends and the high withstand voltage can be estab- ^ 
lished. ' 

Now, a preferable fabrication method for the semi- 
) conductor device 1 00 of this embodiment is described. 
At first, the n. buffer layer 2f and the n- layer 22 are * 
formed with epitaxial [on the p+ substrate. The thick gate 
oxide film '52 is formed on the emitter side surface, and 
shaped in adesignated pattern. Next, the thin gate oxide 
film 51 is formed on the exposed surface of the ri-layer 
22. Polycn/stal silicon is made to be piled on the thick 
gate oxide film 52 and the thin gate oxide film 51 as the 
gate electrode 3. An open hole is formed iri the thin gate 
oxide film 51 and the gate elecirbde 3 so that adjacent 
thickgate oxide films 52 may be arranged symmetrically 
in the horizontal direction. The length of each of the thin 
gate oxide films 51 at the both sides' of the open hole 
which is identical to each crther is so defined as to be 
longer than the diffusion depth of the h layer 23 iri the 
horizontal direction. Phosphorus ion is implanted from * 
the open hole into the n layer 23 with the mask of the 
gate electrode 3 and diffused thermally. Next, boron ion 
is implanted from the open hole into the p layer 31 as 
) its impurity with the mask of the gate eiectrode 3, and 
diffused thermally. Next, in order to re'ducethe resist- 
ance of. the p layer 31 defined in thehorizorital direction 
below the n+ layer 40, the boron impurities of trie : p+ ! ' 
layer 32 is implanted into the h+ layer'40 and diffused' 
by using the photoresist so as to reach the underneath" 
of the n+ layer 40. Arsenic ion is implanted into the n+ 
layer 46 as its impurities by using the photoresist pat- 
tern; and diffused thermally. At this time, arsenic is im-~ 
planted into the gate electrode 3 side of the n+ layer 40' 
with the mask of the edge of the gate electrode 3 in self 
alignment. Thus, as all the layers, n layer 23, p layer 31 
and n+ layer 4, all reaching the underneath of the thin 
gate oxide film 51 , can be formed in self alignment and 
with the mask of the edge of the gate electrode 3, the 
"gate threshold voltage can be stabilized. Then, the in- 
sulation film 60 is piled up and the open hole is formed 
by using the photoresist so as to cover the gate elec- 
trode 50, and the p+ layer 32 and the n+ layer 40 are 
made to be short by the emitter electrode 3 in order to 



contact each other electrically. And furthermore, the col- 
lector electrode 1 is also formed in the p+ layer 10 so 
as to connect each other electrically. 

FIG. 5 shows an application example in which the 
5 semiconductor device of the present invention is applied 
to an inverter apparatus used as one of the electric con- ■ 
version devices. By applying the semiconductor device 
of the present invention, it will be appreciated that low. 
energy loss and'high speed switching which can not be 
10 attained in the prior art system can be established with- 
out sacrificing a high withstand voltage, and that the 
gate noise generated through the feedback capacitance 
can be reduced, and consequently an effective and 
highly reliable inverter apparatus can be realized. 
is FIG. 6 is ah embodiment in which the semiconduc- 
tor device of the present invention is applied to a lateral 
semiconductor device. The emitter electrode 2 and the 
collector electrode 1 are located on ah identical surface; 
and the supporting part 500 and the supporting elec- 
20 trode : 3 are separated and insulated from the n- iayer 22 
by the insulation layer 600. The' semiconductor device 
shown in" FIG. 6 has the same effect as the semiconduc- 
tor device 100 shown in FIG. 1 in which the electric cur-" 
rent passes in the vertical'direction/The emitter elec- 
25 trode'2 and the collector electrode V formed on an iden-;- 
. tical surface can be integrated with another devices, and 
thus, the semiconductor device showhin FIG; 6 can be' 4 
widely used for IC and LSI. ' * : ''**' ■ 
Now, another embodiment'of the present invention 
30 is described in detail' by referring to FIG. 11. The semi- 
conductor device 102 of this embodiment has a pair of • 
main surfaces, the individual surface almost parallel to 
each other, in which the ri butter layer '21 is formed on 
the' p+ layer '10 exposed to 6ne : of the main surfaces,' 
35 and the n-iayer 22 isformed on then buffer layer 21 ■ 
exposed to the other of the main surfaces. The n* layer 
23 'having" the carrier density higher than that of the n- 
layer 22 is diffused from the other main surface into the 
n- layer 22. The p layer 31' is so diffusedas to be sur- 
40 rounded by the n layer'23. The h+ layer'40 is introduced' 1 
in the p layer 31. On' the surfaces of the p layer 31 and 
" the r n layer '23; the gate insulation film 5i; : is formed'ori 
ohe'dfthe main surfaces'so as to bridge'the h+ layer' 40 
arid the n-iayer 4 22?and the'gafe 'electrode' 3 r is formed 
45 on the gaternsulation film 51 .Ori the other main surface'; ' 
the emitter electrode 2 is formecOnn the n+ layer 40 and- 
the p layer 31 and contact with low resistance to the p+ 
layer 32^ extending to the underneath of the n+ layer'40. 
In the n layer 23, the region 231 having the higher im-" 
so purity density than another region in the n layer 23 lo- 
cated between adjacent hypothetical perpendiculars ex- 
tended from the individual Internal edges of the adjacent 
n+ layers in the single p layer 31 is formed partly. This 
means that the region 31 is located below the contact 
55 point with low resistance of the emitter electrode 2. in 
the region 31 , the avalanche breakdown of pn junction 
causes easily more than another region of the n layer 
23. Owing to this property, as described later, the latch- 
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up operation does not occur. often in the semiconductor 
device of the present invention, and the safe operation 
region is extended. 

In case of the semiconductor device having the 
withstanding voltage 1200V, the carrier density distribu- 
tion in the cross section at A-A l is similar to FIG. 2. The 
relation between the thickness of the n layer. 23 and its 
characteristic^ is similar to FIG. 3* , ' 

Though the operation for turning ON the semicon- 
ductor device 102 of this embodiment is similar to the 
embodiment shown in FIG. 1 , the save operation region 
can increase in this embodiment because the avalanche 
occurs in the.region 231. this reason is described be- 
low. In ithe conventional iGBT shown in FIG. 12,theelec- 
tric'fieidconcentrates'atthe pefipherai'partof the p layer 
3"1 having a large curvature and the avalanche break- 
down in the junction arises, and the avalanche current 
passes the p layer crossing below the h+ layer 40. Then, 
the voltage drop occurs due to the parastic resistance 
below the n+ layer 40, and when the voltage drop gets 
to be over about 0.7V equivalent to the built-in potential 
of the pn junction, the thyristor composed of the p layer 
10, the n buffer layer, the n- layer 22, n layer 23, the p 
layer 31 and the n+ layer 40 is turned on. This operation 
,js called B latch : up fl and determines the upper bound of 
the safe operation region.. By forming the region 231 
shown in : the, embodiment of FIG. 11, the' avalanche 
breakdown occurs inside the n+,layer 40 among the bot- 
tom parts of the p layer 31 , that is, below the low-resist- 
ance contact part of the emitter electrode. Most of the 
avalanche current does not travel below the p+ layer 40 
but passes .the p layer 31, and the voltage drop due to 
the parastic resistance below the n+ layer 40 decreases 
and the latch up can be avoided. Consequently, the safe 
operation region of the semiconductor device 102 
shown jrisFIG. 11 can be,established,to be wide enough 
and its reliability can 'be attained to be high enough. In 
. FIG. 1 , the region 231 is allowed to be displaced, from 
, the middle point between the adjacent gate electrodes 
3 as long as its position is located between the adjacent 
.hypothetical perpendiculars^ in- 
ner edges of the Ip+ ( iayer 40. toward the cpj lector, elec- 
.trpde 1. .In addition, it Js allowed to' form plural regions. 
. 231 v and the sarrie effect, as described above can be 
} obtained as, far as at least, one of those regions, 231 is 
located in the above specified region. The region 231 
, may be formed by specifying the shape, of the ri layer 
,23 as described later as well" as formed by controlling 
. the impurity density in the region 231 as described in 
this embodiment. In any case, it is a necessary condition 
that the withstand voltage of the pn conjunction in the 
region 231 is lower than the withstand voltage of the pn 
junction in another region, and that the avalanche break- 
down occurs easily. t \ r t i . 

FIG. 13 shows another embodiment applying the 
present invention, and is such, an example that the re- 
gion 231 in which the avalanche break-down occurs 
easily is fabricated in the following processes. At first, 



the n buffer layer 21 and the n-layer 22 are formed with 
epitaxial growth on the p+ substrate 10. The thick gate 
oxide film 52 is formed on the emitter side surface, and 
shaped in a designated pattern. Next, the thin gate oxide 
5 film 51 is formed on the exposed surface of the n- layer 
22. Polycrystal silicon is made to be piled on the thick 
gate oxide film 52 and the thin gate oxide film 51 as the 
gate electrode 3. The first open hole is formed in the thin 
gate oxide film 51 and the gate electrode 3. The length 
io of each of the thin gate oxide films 51 at the both sides 
of the open hole is so defined as to be identical to each 
other and to be longer than trie diffusion depth of the n 
layer 23 in the horizontal direction. In order to establish 
the region 231, at first, the phosphorus ion is implanted 
is through the maskof the second open hole narrower than 
the first open hole and diffused thermally. Phosphorus 
ion is implanted from the first open hole into the n layer 
23 with the mask of the gate electrode 3 and diffused 
thermally. At this time, by making the depth of the n layer 
20 231 larger than the depth of the n , layer 23, a portion 
having the n-type concentrated layer is formed* in the 
bottom part of the interface between the n layer 23 and 
the p layer 31 . Next, boron ion is implanted from the first 
open hole into the p lay er 31 as its impurity with the mask 
25 of the gate electrode 3, and diffused thermally. Next, in 
order to reduce the resistance of the p layer" 31 defined 
in the horizontal direction below the n+ layer 40, boron 
is implanted into the n+ layer 40 so as to reach the deep- 
er region of the n+ layer 40 in order to form the p+ layer 
30 32. arsenic ion is implanted into the n+ layer 40 as its 
impurities by.usihg the photoresist pattern, and diffused 
thermally. At this time, arsenic ion is implanted into the 
gate electrode 3 side of the n+ layer 40 with the mask 
of the edge of the gate electrode 3 in self alignment. 
35 Thus, as all the layers, n layer 23, p layer 31 and n+ 
layer 40, all reaching the underneath of the thin gate 
oxide film 5i, can be formed in self alignment and with 
the mask of the edge of the gate electrode 3, the gate 
.threshold voltage can be. stabilized. Then, the insulation 
40 t film 60 is piled up andjhe open hole is formed by using 
the .photoresist so as to coyer the gate electrode 3, and 
the p+ layer "32 and the n+ layer 40 are made to be short 
by the emitter electrode 3 in order to contact each other 
electrically! And furthermore, the collector electrode 1 is 
45. : also formed jn the p+ layer 1,6 so as. to connect each 
other electrically. \' . 
' , . FIG. 14 is another embodiment applying Jhe 
. present invention. In the embodiment shown in FIG. 13, 
the impurities in the region 231 is diffused from the sur- 
50 face of the semiconductor layer. On the other hand, in 
, this embodiment, the n-type impurities are localized 
near the junction between the p layer 31 and the n layer 
23. In order to establish the region 231, after diffusing 
the n layer 23, ion having high energy is implanted from 
55 the open hole of the mask so as to reach the junction 
between the p layer 31 and the n layer 23, and the n- 
type region 232 is localized at the bottom part of then 
layer 23. In this embodiment, as the amount of impurities 
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travel below the gate oxide film 51 is small, larger mo- 
bility of the channel can be obtained and ON voltage can 
be reduced. 

FIG. 15 is another embodiment applying the 
present invention, which is an examplejor forming a re- 
gion partially in the n layer 23 in which avalanche break- 
down occurs easily by controlling the shape of the n lay- 
er 23. The ri layer 23 is shaped in a straight line at the 
junction interface in the peripheral part of the p layer, 
and has a sharp comer at the center bottom of the n 
layer 23. The curvature of the interface between the bot- 
tom part of the p layer 31 and the n layer 23 takes its 
maximum value at the .center bottom of the n'layer 23, 
the electric field is, concentrated at the region of the cent- 
er bottom of the n layer 23, in which the avalanche oc- 
curs "when voltage applied! Thus, this shape of the n lay- 
er 23 gives the same effect as the.n-type region shown 
in FIGS. 11. 13 and 14. With this semiconductor struc- 
ture, the safe operation region can be extended. 
) ' . t FIG. 16. is" another embodiment applying the 
present invention * In FIG. 16, the distance between the 
adjacent gate electrodes 3 is taken to be small enough 
to be equivalent to the diffusion depth of the n layer 23, 
and the center bottom of the ri layer "23 is shaped in a 
curve. As the' gate electrode 3 is made of electrical con- 
ductive materials and its electric potential is identical an- 
yplace inside, rt brings such, an electric field buffering 
effect as a field plate does. With this semiconductor 
structure, as the intensity' of the electric field has its max- 
imum value at'the bottom part of the n layer 23 in com- 
parison with the surface of the semiconductor layer, the 
avalanche occurs at the bottom part of the n layer 23 in 
the similar mannerto the previous embodiment. Conse- 
quently, the safe operation region can be extended. " 

FIG. 17 is an example of applying the semiconduc- 
tor structure shown in FIG. 1 3 to the striped cell of IGBT 
In FIG. 1 7, the pjayer 31 and the p+ layer 32 are formed 
in continuous striped regions, and the n+ layers 40 are 
") arranged on the line with a definite interval. In this seg- 
mented emitter structure, the emitter layers 40 are ar- 
. ranged periodically with a definite interval, and electrons 
do not pass through much and the saturation current is 
' so small that the^prptection f oV latch-up can be attained 
effectively. F;or example; in the device haying withstand 
* "voltage 1200V, even if its saturation currentis made lim- 
ited by'making the width of the h+ layer 40 70% of the 
whole channel Width,* ON voltage becomes 85% of ON ' 
voltage in the conventional IGBT without an n layer 23. 
" Though the region 231 may be formed continuously in 
the idlBT having segmented emitters, if the n'+ layer 40 
and the region 231 are arranged alternately so that the 
region 231 may not be ldcated ( under the n+ layer 40, 
the current passing under the n+ layer when the ava- 
lanche occurs can be protected certainly In addition, it 
is preferable that the region 231 is arranged only under 
the p layer similarly in the semiconductor device in which 
the p+ layer '32 and the n+ layer 40 are arranged alter- 
nately in aMadder configuration. In this embodiment, the 



region 231 may be formed with the configurations 
shown in FIGS. 11, 24, 15 and 16. 

' FIG. 18 is an embodiment of applying the present 
invention to an IGBT chip, which is an example of'ar- 
5 ranging the striped cells shown in FIG. 17 on the chip. 
When the semiconductor device is turned on, the elec- 
tric field is concentrated at such parts as comers and 
edges on the chip. The semiconductor device 100 
shown in FIG. 1 and the semiconductor device 102 
10 shown in FIGS. 11,3, 14, 15 and 16 are intermingled on 
the chip. In this arrangement, the semiconductor device 
1 02 is arranged selectively ori portions such as corners 
and edges on the chip on which the electric field is'con : 
centrated, and the cell composed of'the semiconductor 
75 device 100 not including the region 231 Js arranged on 
portions other than comers and edges. Mesh cells^are 
arranged on the shfp in the simjlar manner. In "the cell of 
the semiconductor device without the region 231 *by in- 
creasing the density of the n layer 23 instead of forming 
20 the region 231 having low withstand voltage, the storing 
effect of Holes can be increased while the withstand volt- 
age equivalent to that of the semiconductor device 100 
is maintained, and hence, ON voltage decreases fur- 
ther, and consequently, ON voltage for operating the 
25 whole chip can be reduced. / * ; ' ( 
'TIG. 19 is ah embodiment jri which a termination 
region is placed oh the outskirts" of the active* region of 
-the IGBT The difference from the conventional termina- 
tion region is that a deep n layer 25 is placed' in the ter- 
3Q minatioh region. In the semiconductor device 100 
shown in FIG. 1 , in order, to enhance the storing effect 
of holes, it is effective to make the density of the rr layer 
23 higher and the density of the n- layer 22 lower. in order 
. to make relatively higher the electric potential barrier in 
35 • relative to the holes in the n- layer. As ciiffusibn phenom- 
* ena occur from the surface of the n layer 23, if the den- 
sity of the n- layer 22 is made" higher, its surface density 
also increases, and then, 'the channel mobility decreas- 
es leading td an increase in ON Voltage; On the 'other 
40 ' hand, if the density of trie n-layer 22' is 1 made loweV, the 
"depletion" layer in the" n- layer 22 tends to extend, "and 
r therefore; it is/eqiiired to make'longer the distance be- 
Ween theadjapent playfc/s 35"Jised'as field lirhftingVing 
" ih the terrri ihation 'region marked by V iri FIG; 18: For 
45 example, in case that the number of fibld limiting rings 
is '6 in a;l'2b6V-ctass device, When the resistivity of the 
[ n- layer is ; i 20 Q cm, the intefval betweenihe adjacent 
field iimiting' rings' for is 32'ixm, but when the density is 
made lower and the resistivity of the h- layer'is ( 200 CI 
so cm, it is required to make the interval 40 ^im or longer. 
The later case causes the increase of the fraction of the 
' termination region in the 'chip and the increase of the 
fabrication cost of the devices. By means of forming a 
deep n layer 25 in'the termination region "b", the exten- 
ds ' sion ot the depletion layer can be limited and the interval 
between the field limiting rings 35 can be made shorter. 
' • If the density of the n layer 25 is high, the depletion layer 
can not extend and the electric field concentrates in the 
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device, and then, sufficient withstand voltage can not be 
established, therefore, it is preferable to make the den- 
sity of the n layer 25 between 1 X 10 12 and 1 x 10 14 
cm -3 . 

Similar to the embodiment shown in FIG. 1 , the em- 
bodiments shown in FIGS. 11, 13 through 19 can be ap- 
plied to the electric power conversion apparatus such 
as inverter apparatus shown in FIG. 5. By applying the 
semiconductor device of the present invention, it will be 
appreciated that low energy loss and high speed switch- 
ing which can not be attained in the prior art system can 
be established without sacrificing a high withstand volt- 
age, and consequently an effective and highly reliable 
inverter apparatus can be realized. 

According to the present invention, it is enabled to 
provide a semiconductor device which has such overall 
features that the device and apparatus can be easily 
manufactured, the feedback capacitance causing nois- 
es is small, high withstand voltage can be easily estab- 
lished, the turn-on voltage is small and the switching op- 
eration is fast, and to provide an electric power conver- 
sion apparatus using this semiconductor device. 
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ing a sixth semiconductor region of second conduc- 
tor-type having carrier density higher than carrier 
density of said second semiconductor region, in- 
serted between said first semiconductor region and 
said second semiconductor region. 

3. A semiconductor device of Claim 1 , wherein 

the thickness of said third semiconductor region is 
4|imorless. 

4. A semiconductor device of Claim 1 , wherein 

a sum of carrier density of said second semi- 
conductor region and carrier density of said third 
semiconductor device is 1.5 X10 12 cm " 2 or less. 



is 



1 . A semiconductor device comprising 

a semiconductor substrate having a pair of 
main surfaces; 

a first semiconductor region of first conduction- 
type located in said substrate; 
a second semiconductor region of second con- 
ductive-type located on said first semiconduc- 
tor region; 

plural third semiconductor regions of second 
conductor-type having carrier density higher 
than carrier density of said second semicon- 
ductor region; 

a forth semiconductor region of first conductor- 
type located in said third semiconductor region; 
a fifth semiconductor region of second conduc- 
tor-type located in said forth semiconductor re- 
gion; 

a gate insulation film formed on surfaces of said 
second, third, forth and fifth semiconductor re- 
gions; 

a gate electrode formed on said gate insulation 
films; 

an emitter electrode contacting with low resist- 
ance to said forth semiconductor region and 
said fifth semiconductor region; and 
a collector electrode contacting with low resist- 
ance to said first semiconductor region, 
wherein sheet carrier density of said third sem- 
iconductor region is 1 x 10 12 cm -2 or less. 

2. A semiconductor device of Claim 1 , further compris- 



5. A semiconductor device of Claim 1 , wherein 

a carrier density of said third semiconductor 
region is 7.5 X 10 16 Art) cm* 3 or less; and a thick- 
; * hess of said third semiconductor region is V/1 2 (im 
20 or less, in which Vb is withstand' voltage of a semi- 
conductor device. 

6. A semiconductor device of Claim 1 , wherein 

said gate insulation film is composed of a thin 
25 region and a thick region; 

there is a region of a thin gate insulation film on a 
surface of said third semiconductor region and said 
forth semiconductor region; and 
said surface of said second semiconductor region 
30 is covered by a gate insulation film having thickness 
larger than thickness of said thin gate insulation 
film. 



35 



40 



45 



7. A semiconductor device of Claim 2, wherein 

an impurity for reducing a lifetime of small- 
numbered carriers is introduced partly in either or 
both of said second semiconductor region and said 
sixth semiconductor region; and carrier density of 
said impurity is lower than carrier density of said 
second or sixth semiconductor region which gener- 
ically does not contain said impurity, 

8. A semiconductor device of Claim 7, wherein said 
impurity is proton or helium. 



9. A semiconductor device of Claim 1 , wherein 

said first semiconductor region, said second 
semiconductor region, said third semiconductor re- 
gion, said forth semiconductor region, said fifth 
so semiconductor region, said emitter region and said 
collector region are located on an identical surface 
of said semiconductor substrate. 

10. A semiconductor device of Claim 1 , wherein 

55 said third semiconductor region has a partial 

region in which avalanche breakdown occurs easily 
more than another region in said third semiconduc- 
tor region, said partial region located below a low 
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resistance contact point of said emitter electrode. 

11. A semiconductor device of Claim 10, wherein 

an, impurity density in said partial region is 
larger, than an impurity density in said another par- 
tial region. 



12. A semiconductor device of Claim 10, wherein 

curvature of a conjunction interface between 
said third semiconductor region and said forth sem- 
iconductor region is largest at said partial region. 



70 



13. A semiconductor device of Claim 12, wherein 

a cross section of said third semiconductor re- 
gion and said forth semiconductor region shaped in 
a circle. 



15 



14.- An electric power conversion apparatus for control- 
ling ,an electric power to be supplied to a load by a 
; switching device, wherein a semiconductor device 
, of. either ,of Claims, 1 through 13 is used for said 
switching device. .. . . > . 
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